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Abstract

Bleomycin is a redox-active drug with anticancer and other clinical applications. It is also
frequently used as a tool in fundamental research on cellular responses to DNA double-strand
breaks (DSBs). A conversion of bleomycin into its DNA-breaking form requires Fe, one-electron
donors and O,. Here, we examined how a major biological antioxidant ascorbate (reduced vitamin
C), which is practically absent in standard cell culture, impacts cellular responses to bleomycin.
We found that restoration of physiological levels of vitamin C in human cancer cells increased
their killing by bleomycin in 2D cultures and 3D tumor spheroids. Higher cytotoxicity of
bleomycin occurred in cells with normal and shRNA-depleted p53. Cellular vitamin C enhanced
the ability of bleomycin by produce DSBS, which was established by direct measurements of these
lesions in three cell lines. Vitamin C-restored cancer cells also showed a higher sensitivity to
killing by low-dose bleomycin in combination with inhibitors of DSB repair-activating ATM or
DNA-PK kinases. The presence of ascorbate in bleomycin-treated cells suppressed a DSB-
independent activation of the ATM-CHK2 axis by blocking superoxide radical. /n vitro studies
detected a greatly superior ability of ascorbate over other cellular reducers to catalyze DSB
formation by bleomycin. Ascorbate was faster than other antioxidants in promoting two steps in
activation of bleomycin. Our results demonstrate strong activation effects of vitamin C on
bleomycin, shifting its toxicity further toward DNA damage and making it more sensitive to
manipulations of DNA repair.
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Introduction

Bleomycin (BLM) is a genotoxic cancer drug that also has other clinical uses. BLM is
approved for treatment of various human malignancies such as lymphomas, head and neck
carcinomas, testicular, cervical and other tumors [1-4]. Treatments with combination
chemotherapies containing BLM in patients with germ cell cancers and Hodgkin’s
lymphomas is curative in a large percentage of cases. For example, the use of BLM-
containing regimens as the frontline treatments in Hodgkin’s lymphoma reaches complete
response rates up to 94% in limited stage and 88% in advanced stage of this disease [2]. The
ability of BLM to cause cancer cell death is linked to the production of DNA breaks,
especially DNA double-strand breaks (DSBs) [1,5]. The use of BLM in cancer patients is
frequently associated with serious side effects in the lung, which includes pneumonitis and
the subsequent fibrotic response [6,7]. This dangerous lung injury impairs lung functions
and can be lethal. Several recent studies from different countries have found very successful
clinical applications of BLM as a frontline treatment for low flow lymphatic malformations
in children [8-11]. The use of BLM has now largely replaced complications-associated
surgery for treatment of this disfiguring abnormalities even when presented as large masses.
In contrast to cancer patients, the administration of different forms of BLM for treatment of
lymphatic abnormalities did not produce any short- or long-term systemic side effects and
the BLM therapy is considered to be a safe alternative to surgery [8-11]. In addition to its
clinical applications, BLM is also frequently used in fundamental research on the activation
of DNA damage responses by DSBs. In fact, BLM is a “cleaner” inducer of DSBs in
comparison to ionizing radiation, which is another common source of oxidatively produced
DSBs. BLM produces no oxidized bases and generates 5-10-times higher ratios of DSBs to
single-strand breaks than radiation [1,12,13].

The transition of BLM into its DNA-damaging form requires complexation with Fe(ll) and
the presence of one-electron donors and molecular oxygen. The role of one-electron
reducers is to convert BLM-bound or free Fe(lI1) to Fe(ll) and then to produce the DNA-
attacking oxidant, BLM-Fe(11)-OOH hydroperoxide [1,12,13]. Both formation and decay of
the activated BLM-Fe(Il) complex can involve the production of reactive oxygen species.
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BLM activation and DNA cleavage reactions /n vitro have been typically studied with
biological and synthetic thiols as Fe(l11) reducers. The main cellular thiol glutathione (GSH)
was noted as a weak activator of DNA nicking by BLM-iron [5]. Ascorbate (Asc), the
reduced form of vitamin C, is known as an excellent reducer of Fe(lll) and its addition to
BLM-Fe(ll) reactions stimulated DNA cleavage [14,15]. Although BLM has been
extensively used as a tool for the induction of DSBs in cultured cells, how different cellular
reducers contribute to the activation of BLM is poorly understood. Variation in ROS-
scavenging abilities of bioreducers of Fe(I1) can potentially lead to their different impact on
specific aspects of BLM toxicity. In light of its strong Fe(l11)-reducing and radical
scavenging activities and its millimolar concentrations in cells in the main tissues [16-18],
Asc can be expected to play a significant role in BLM toxicity /7 vivo. Human and
nonhepatic rodent cells in culture are severely deficient in Asc [16,19,20] due to the absence
of vitamin C in the majority of standard cell culture media formulations and the typical
addition of only 10% of serum, which is depleted of vitamin C during its preparation and
storage. This raises a question how physiological levels of Asc in cells influence toxic
effects of BLM, considering powerful antioxidant properties of reduced vitamin C and its
excellent Fe(l11)-reducing activity, with the latter being necessary for the initial step in the
activation of BLM-Fe complex.

In this work, we investigated the effects of restoration of the physiological levels of vitamin
C in human cancer cells on cytotoxic and genotoxic responses to BLM. We found that
vitamin C enhanced killing of cancer cells by BLM in 2D cultures and 3D tumor spheroids,
which was caused by a higher production of DSBs. Cellular vitamin C also altered BLM-
induced signaling by the apical DNA damage-responsive kinase ATM and made cancer cells
more sensitive to killing by low-dose BLM in the presence of inhibitors of DSB repair-
activating kinases. Among the main biological reducers, Asc displayed the higher rates of
two one-electron transfer reactions that are necessary for the full activation of iron-BLM
complex.

Materials and Methods

Materials.

Cells.

Bleomycin sulfate was purchased from LKT Laboratories. Dehydroascorbic acid dimer, -
ascorbic acid, proteinase K, A-lauroylsarcosine (=98% pure), sodium deoxycholate (=97%
pure), PEG-SOD, p-benzoquinone and all salts and buffers were from Sigma-Aldrich.
Doxorubicin and NU7441 were from Cayman Chemical, NU7026 from Calbiochem,
KU60019 from Santa Cruz, imatinib from Enzo, mitomycin C from Tocris and 1,2-
diamino-4,5-dimethoxybenzene dihydrochloride from Molecular Probes. Ultrapure DNA
grade pulse field certified agarose was purchased from Bio-Rad and ultrapure LMP agarose
was from Life Technologies. GelRed Nucleic Acid stain was from Phenix Research
Products.

H460 and A549 human lung carcinoma lines were obtained from ATCC and cultured in 10%
fetal bovine serum (FBS)-supplemented RPMI11640 and F-12K media, respectively. Media
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for each cell line also included 1% PenStrep solution (100 Units/mL penicillin and
streptomycin 100 ug/mL streptomycin) (Gibco). Both cell lines were maintained at 37°C in
a 95% air/5% CO, humidified atmosphere. IMR90 normal human lung fibroblasts (ATCC)
were cultured in DMEM medium with 10% FBS and 1% PenStrep at 37°C in a 5% O/5%
CO5, humidified atmosphere. The construction of ShRNA-mediated p53 knockdowns in
H460 cells using infections with pSUPER-retro vectors has been described earlier [21].

Loading and quantitation of vitamin C.

Cells were allowed to grow overnight and then incubated for 90 min with dehydroascorbic
acid (DHA) in Krebs-HEPES buffer [30 mM HEPES (pH 8.0), 130 mM NaCl, 4 mM
KH,PO4, 1 mM MgSOy, 1 mM CaCl,] supplemented with 2% FBS and 0.5 mM glucose.
Cellular vitamin C was extracted with 50 mM methanesulfonic acid/5 mM DTPA and
quantified as a fluorescent product formed in the reaction with 1,2-diamino-4,5-
dimethoxybenzene in the presence of ascorbate oxidase [22]. Protein content of cellular
pellets formed after extractions was used for normalization purposes.

3D spheroids growth.

Cells (500/well) were seeded into 96-well Clear Black Round Bottom Ultra Low Attachment
Spheroid Microplate (Corning) and grown for 2 days to form microscopically detectable
spheroids. For Asc loading, spheroids were washed three times with 200 mL of Krebs buffer
containing 2% FBS, 0.5 mM glucose and the indicated concentrations of DHA followed by
the incubation for 90 min. Wells were then washed three times with standard growth media
followed by 3 h treatment with BLM. DHA loading and BLM treatments were repeated four
times at 2-day intervals. The size of spheroids was measured using Nikon Eclipse TS-100-F
microscope equipped with PixeLink Megapixel FireWire Camera. Spheroid images were
processed by PixeLink CaptureSE v.1.0 software using the Area Perimeter function.

Pulsed field gel electrophoresis (PFGE).

A previously described PFGE procedure for detection of DSBs was followed [23]. Cells
were resuspended in 0.5 mL of Cell Suspension Buffer (10 mM Tris, pH 7.2, 50 mM EDTA,
20 mM NaCl), mixed with an equal volume of 1.6% Ultra Pure LMP agarose and
immediately poured into CHEF Mapper XA System Plug Molds (3x10° cells per one plug)
(Bio-Rad). Solidified agarose plugs were transferred to Proteinase K Reaction Buffer (10
mM Tris, pH 8.0, 100 mM EDTA, 1 % A-lauroylsarcosine, 0.2% sodium deoxycholate, 1
mg/mL proteinase K) and incubated overnight at room temperature with gentle mixing
followed by five washes in Wash Buffer (20 mM Tris, pH 8.0, 50 mM EDTA). Cooled,
solidified 1% agarose gel was placed into electrophoresis chamber containing 0.5xTBE
buffer pre-chilled to 14°C. Electrophoresis was performed using Bio-Rad CHEF MAPPER
system (Bio-Rad). DNA was stained for 1 h in 3x GelRed dye solution in 0.1 M NaCl.

Plasmid breakage assay.

Commercial $X174 RF1 plasmid DNA (Thermo Fisher Scientific) was purified from EDTA
by precipitation with ethanol/sodium acetate and then dissolved in 25 mM HEPES, pH 7.4.
Each reaction contained 25 mM HEPES (pH 7.4), 0.5 ug $X174 DNA, 0.1 yM BLM and 0.1
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UM Fe(l1) citrate. Reducers, BLM and Fe(l11) citrate stock solutions were all made fresh.
Reactions were set up by mixing HEPES buffer, BLM and Fe(l11) followed by 5 min
incubation on ice and then addition of $X174 DNA. Samples were incubated for 5 min on
ice and then reducers were added. DNA breakage reactions were performed at 37°C and
stopped by the addition of 100 uM deferoxamine and placement of samples on ice. Blue/
Orange 6xLoading Dye was added to each sample and DNA were separated on 1% agarose
gel in 1XTAE buffer (40 mM Tris-base, 20 mM acetic acid, 1 mM EDTA). Gels were
incubated in 3xGelRed Nucleic Acid Stain (Phenix Research) for 30 min and DNA was
visualized using Gel Doc XR+ Imaging System (Bio-Rad Laboratories).

Fe(ll) formation.

Reduction of Fe(l11) was measured the formation of Fe(ll) ferrozine and Fe(ll)-
phenanthroline complexes [24,25]. Both Fe(Il) probes were used at 300 uM final
concentration. Two working solutions containing 25 mM HEPES (pH 7.4) were created: one
with 2x concentrations of the reducers and ferrozine or o-phenanthroline, and the second
with 2x concentrated Fe(l11) ammonium citrate. Equal volumes of the solutions were rapidly
mixed in a 96-well plate and the reactions were allowed to proceed at 37°C inside the
SpectraMax M5 microplate reader. Absorbance readings of Fe(ll) ferrozine (582 nm) and
Fe(Il)-phenanthroline (A512 nm) complexes were taken every 20 sec.

Western blotting.

qRT-PCR.

Cells were collected by scraping, washed twice with ice-cold PBS and centrifuged at
1100xg for 5 min at 4°C. Total cellular proteins were extracted with a 2% SDS-containing
buffer (2% SDS, 50 mM Tris, pH 6.8, 10% glycerol). Cells were boiled for 10 min, cooled
to room temperature and then centrifuged at 10,000 xg for 10 min. For analysis of
chromatin-bound proteins, cells were first extracted with 100 uL of 0.3% NP40 buffer [20
mM HEPES, pH 7.0, 100 mM NacCl, Halt protease/phosphatase inhibitors (Thermo
Scientific)] for 20 min on ice and then centrifuged 800g for 5 min at 4°C. Pellets were
washed once in 50 pL of the lysis buffer and first and second supernatants were combined
and used as a soluble fraction. Chromatin proteins were extracted from pellets by boiling in
100 pL of 2% SDS buffer. Protein concentrations were measured using DC Protein Assay
Kit (Bio-Rad). Proteins were separated by SDS-PAGE and transferred onto Immun-Blot
PVDF membranes (Bio-Rad). Antibodies for phospho-ATM (51981), phospho-DNA-PK
(S2056) and fibrillarin were from Abcam, phospho-KAP1 (S824) from Bethyl, y-tubulin
from Sigma, phospho-CHK2 (T68), phospho-p53 (S15), phospho-AMPK (T172), GAPDH
(HRP-conjugated), histone H3 and p21 from Cell Signaling Technology, and p53 from Santa
Cruz (sc-125). Fibrillarin, an abundant nucleolar protein, was used as a primary loading
control for total cell lysates and as a specific loading control for the nuclear/chromatin
fraction. GAPDH served as a loading control for soluble proteins. In some blots, y-tubulin
or ribosomal protein L7A were used as loading controls for total cell lysates, which was
necessitated by specific electrophoresis/transfer conditions.

H460 cells were seeded onto 100-mm dishes and on the next day preloaded with 0 or 0.5
mM DHA for 90 min followed by 1 h treatment with BLM (0 or 10 pg/mL). After 6 h
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recovery, cellular RNA was isolated with TRIzol Reagent (Life Technologies) and then
reverse-transcribed using oligo-dT and RT First Strand Kit (Qiagen). cDNA was amplified
using PCR primers from Qiagen and ABI PRISM 7900HT Sequence Detection System (Life
Technologies). mMRNA levels of three housekeeping genes (B2M, GAPDH, TBP) were used
for normalization purposes. The fold changes in gene expression were analyzed by the
278ACt method.

Redox-Sensitive Probes.

A previously described procedure for the use of the redox-sensitive dyes dihydrorhodamine
(DHR) and dihydroethidium (DHE) in intact cells has been adapted [25]. Cells were grown
in black 96-well optical bottom cell culture plates for these experiments. Control and DHA-
treated cells were preloaded with 10 uM DHR or DHE in serum-free medium for 30 min and
then treated with BLM for 1 h in complete growth medium. Cells were rinsed with warm
PBS and then covered with a modified DPBS solution (Sigma-Aldrich, D4031) followed by
measurements of specific fluorescence for the oxidized probes (DHR excitation/emission:
500/535 nm; DHE excitation/emission: 510/580 nm).

Cellular ATP measurements.

Cells (3000/well) were seeded into black, 96-well optical bottom cell culture plates and
grown overnight. ATP levels in control and DHA-preincubated cells treated with various
concentrations of BLM were measured with the CellTiter-Glo Luminescent Cell Viability
Assay Kit (Promega).

Caspase-3/7 activity.

The effect of BLM on apoptotic responses was examined using the Caspase-Glo 3/7 Assay
(Promega). H460 cells were seeded (3000 cells/well) into black, 96 well optical bottom cell
culture plates and incubated overnight. Control and DHA-preloaded cells were treated with
BLM for 3 h and luminescence readings of caspase 3/7 activity were recorded 24 h later.

Colony formation.

Statistics.

Cells were seeded on 60-mm dishes (400 cells/dish) and treated on the next day with DHA
and drugs. Colonies were allowed to form during 7-8 days. Dishes were washed twice with
PBS and cells were fixed with methanol (10 min at room temperature) and stained for 1 h
with the Giemsa solution (Sigma-Aldrich). Groups of cells containing 30 or more cells were
counted as colonies.

Statistical significance of differences between the groups were evaluated by two-tailed,
unpaired #test.
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Results

Cellular Asc and BLM cytotoxicity.

We choose H460 and A549 human lung carcinoma cell lines as our primary models for
examination of potential biological interactions between BLM and cellular Asc. Both cell
lines are frequently used for studies of DNA damage and are part of the NCI-60 panel of
cancer cell lines. H460 cells have shown normal activation of DNA damage signaling in
response to ionizing radiation [27] and in our experience, to other genotoxic agents [28,29].
In the preliminary studies, we found that similar to the majority of other transformed and
primary cell lines, A549 and H460 cells did not show a biologically sufficient accumulation
of the reduced form of vitamin C, Asc. In contrast, both cell lines rapidly accumulated
millimolar concentrations of vitamin C when incubated in the presence of its oxidized form,
DHA (Fig. 1A). The retention of cellular vitamin C at 3 h postloading was nearly 100% in
Ab549 cells but only approximately 50% in H460 cells. Considering the loss of cellular Asc
in prolonged incubations, we focused on studies of cellular responses to short-term-
treatments with BLM (3 h or shorter). Examination of long-term cell viability by the colony
formation assay showed that the restoration of the physiological levels of cellular Asc
resulted in a significantly enhanced killing of A549 and H460 cells by BLM (Fig. 1B).
Measurements of activity of the main executioner caspases 3 and 7 also found a higher
cytotoxicity of BLM in DHA-preincubated cells (Fig. 1C). The enhancement of clonogenic
lethality by DHA was concentration-dependent and observed for the BLM dose that was
practically nontoxic in the standard Asc-deficient culture (Fig. 1D). To test the effects of
cellular Asc on BLM activity in more /n vivo relevant conditions, we examined growth of
3D tumor spheroids treated with several applications of DHA and BLM (Fig. 1E). We found
that growth of H460 spheroids was not affected by multiple applications of 0.5 mM DHA
alone. However, a combination of DHA and BLM was much more cytotoxic than BLM
alone. For the higher dose of BLM, DHA-preincubated spheroids stopped growth after the
second addition of the drug whereas mock-preincubated spheroids continued to expand
through the entire treatment regimen (Fig. 1E, right panel). Thus, these results demonstrate a
higher cytotoxic activity of BLM in Asc-restored cells.

Overloading of GLUT1-overexpressing cells with Asc can lead to oxidative and metabolic
stress, impaired ATP production and a resulting loss of viability in cancer cells with a high
dependence on aerobic glycolysis [30-33]. We found that our 90-min long preincubations of
cells with 0.5 mM DHA did not cause significant changes in ATP levels in H460 or A549
cells after or before BLM treatments (Fig. 2A). Asc overload-induced ATP deficiency
triggered activation of the metabolic stress-sensitive kinase AMPK [33,34]. Our tests of
different dose combinations found no detectable effect of DHA on the activating
phosphorylation of AMPK, which was elevated by BLM in two cell lines irrespective of
cellular Asc (Fig. 2B,C). The ability of BLM to upregulate AMPK phosphorylation is
probably related to the sensitivity of this kinase to oxidative stress. Finally, we asked a
question whether potentiation of cytotoxicity by physiologically relevant concentrations of
cellular Asc can be extended to other cancer drugs. We tested doxorubicin, which causes
DSBs by inhibiting topoisomerase 11, and mitomycin C, which forms toxic DNA interstrand
crosslinks. We found that clonogenic toxicity of both doxorubicin and mitomycin C was not
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affected by DHA preincubation of either H460 or A549 cells (Fig. 2D,E). Overall, these
results indicate that DHA-preincubated cells did not experience a metabolic stress and a
higher toxicity of BLM in Asc-restored cells was a drug-specific phenomenon.

Activation of p53.

The transcription factor p53 plays a major role in cellular responses to DNA damage
[35,36]. DSBs are known as potent activators of p53-mediated death in many cell types. The
initial response to DSBs involves ATM-mediated phosphorylation of p53 at Ser15, resulting
in protein stabilization. We found that DHA preincubation of cells led a moderately higher
Ser15 phosphorylation by BLM but increases in p53 protein levels appeared similar in
control and Asc-restored cells (Fig. 3A,B). Upregulation of the protein levels of the CDK
inhibitor p21, which is the transcriptional target of p53, was also similar between mock and
DHA-preincubated cells (Fig. 3B). RT-gPCR results for several p53-regulated genes showed
their similar induction by BLM irrespective of cellular levels of Asc (Fig. 3C). A stable
knockdown of p53 with shRNA led a higher long-term survival of BLM-treated cells, as
assayed by the colony formation assay (Fig. 3D). However, the potentiating effect of DHA
preincubation on BLM cytotoxicity was retained in p53-deficient cells. In both control and
DHA-preincubated cells, Ser15-p53 phosphorylation in response to BLM was completely
dependent on the apical DNA damage-sensitive kinase ATM (Fig. 3E). Interestingly,
inhibition of another DSB-activated kinase, DNAPK, which controls a major DSB repair
pathway (nonhomologous end-joining) [37,38], led to stronger increases in Ser15-p53
phosphorylation by BLM in DHA-preincubated cells (Fig. 3F), suggesting that cellular Asc
may increase the DSB production by BLM.

Asc and DSB production.

DSBs are highly toxic DNA lesions and alterations in their production would
correspondingly change cytotoxic responses. To assess the DSB-generating activity of BLM
in cells, we assayed the levels of chromosomal DSBs by their direct physical measurements
using PFGE. We found that DHA preincubation of H460 and A549 cells increased the
amounts of high-molecular weight DNA fragments after different BLM treatments (Fig.
4A). The amount of DSBs at a given time is determined by a balance of their production and
repair, with later potentially becoming a major factor in prolonged incubations. To determine
how Asc promotes the accumulation of DSBs, we performed PFGE analyses of cells that
were treated with BLM in the presence of ATM and DNA-PK inhibitors. Both kinases,
especially DNA-PK, are critically important for the activation of the major DSB repair
pathways [37,38]. We found that DHA preincubation also increased the amounts of DSBs in
BLM-treated cells with suppressed DNA repair (Fig. 4B), indicating that cellular Asc
enhances DNA-breaking activity of BLM. Finally, we found that a delivery of physiological
levels of Asc also increased the formation of DSBs by BLM in primary human cells (Fig.
4C,D).

DNA-breaking activity of BLM-Fe(l11) complex requires the presence of O, and reducers of
Fe(l11) [1,12,13,39]. To better understand the effects of Asc on DNA breakage by BLM, we
set up reactions with plasmid DNA in the presence of different cellular reducers of Fe(lll).
Specifically, we tested Asc, GSH, Cys and NADH at their physiological concentrations and
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additionally, Asc and GSH at the subphysiological 0.1 mM concentration. The reactions
contained equimolar concentrations of BLM, Fe(l11) and plasmid DNA. We found that Asc
was dramatically more effective than other reducers in promoting DSB formation by BLM-
Fe(111) complex in the plasmid DNA (Fig. 5A). In 1 mM Asc reactions, all plasmid DNA
was broken into small fragments, indicating that each plasmid experienced multiple DSBs.
At lower 0.1 mM Asc, the majority of plasmids migrated as linear molecules (a product of a
single DSB) and a smear of smaller fragments (> one DSB per plasmid). Although all other
reducers increased DSB formation by BLM-Fe(l11), their effectiveness was much smaller
than that of 0.1 mM Asc. Control studies showed that BLM was absolutely essential for the
production of DSB in our /n vitro reactions, as no linear plasmids or small fragments were
observed when only Fe(l11) and reducers were incubated together (Fig. 5B). The highest
concentration of Asc at the longest exposure time clearly increased the levels of nicked DNA
molecules, indicating the production of oxidants capable of forming single-stranded breaks.
The activity of Asc in promoting DSBs /17 vitro was not affected by the addition of other
cellular reducers (GSH, Cys or NADH), indicating that their weak potency in stimulating
DNA breakage was a not a result of inactivation of reactive BLM-Fe forms (Fig. 5C). Since
the first step in activation of BLM-Fe(l11) complex involves reduction of Fe(lll) to Fe(ll)
[1,12,13], one plausible explanation for the high DSB production in Asc reactions could be a
much more rapid conversion of Fe(ll1) to Fe(ll). A comparison of Fe(l11) reduction by
different reducers in two assays showed that the formation of Fe(ll) by 0.1 mM Asc was
close to that in reactions with 1 mM GSH or 0.1 mM Cys (Fig. 5D,E). Thus, relatively
modest differences in Fe(ll) formation cannot explain the dramatically higher production of
DSBs in Asc-driven reactions relative to other reducers. A second step in the activation of
BLM requiring one-electron reducers is the conversion of BLM-Fe(I1)-O,"~ peroxide into
the final DNA-damaging form, BLM-Fe(11)-OOH hydroperoxide [1,12,13]. The fully
activated BLM form is unstable in the absence of DNA and undergoes oxidative self-
inactivation [12,39]. Thus, a loss of BLM in DNA-free reactions can assess the rate of the
formation of its hydroperoxide form. We found that 5-min long preincubations without DNA
resulted in a severe suppression of the DNA-breaking activity of BLM in Asc-containing
reactions (Fig. 5F). The same preincubations with thiols did not cause noticeable losses of
BLM, as the addition of 0.5 mM Asc into these reactions produced the same extent of DNA
breakage as in the samples without any reducers (lanes 6 or 8 vs. lane 2, Fig. 5F). Thus, Asc
is much more potent than cellular thiols in the formation of the final activated form of BLM.

ATM-dependent signaling.

ATM is the DSB-responsive kinase that coordinates multiple aspects of oxidant-induced
stress signaling [40]. Oxidants can activate ATM as a result of the production of DSBs
[39,40] or directly [43—45]. The DSB-independent stimulation of ATM directs its activity
specifically toward nucleoplasmic substrates such as CHK?2 kinase whereas the DSB-
activated ATM phosphorylates both nucleoplasmic and chromatin-bound proteins such as
KAP1. ATM autophosphorylation at Ser1981 is triggered by both DSBs and direct
oxidation. We found that DHA preincubations of H460 and A549 cells did not cause major
changes in ATM and KAP1 phosphorylation in response to BLM (Fig. 6A). However,
phosphorylation of the soluble substrate CHK2 was diminished in DHA-preincubated cells.
To test how general is the suppression of CHK2 phosphorylation by Asc restoration, we
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treated cells with the topoisomerase | inhibitor camptothecin, which induces ATM activation
via the production of DSBs, and formaldehyde, which triggers ATM-mediated CHK?2
phosphorylation as a result of chromatin damage in the absence of DSBs [46]. We found that
CHK?2 phosphorylation by both camptothecin and formaldehyde were not affected by DHA
preincubation in two cell lines (Fig. 6B,C). ATM activation by DSBs is dependent on the c-
ABL tyrosine kinase [47]. We found that inhibition of c-ABL strongly suppressed ATM-
mediated phosphorylation of the chromatin-bound substrate KAP1 in both mock- and DNA-
preincubated cells treated with BLM (Fig. 6D). In contrast, BLM-induced phosphorylation
of the soluble substrate CHK2 was much more sensitive to the inhibition of c-ABL in DHA-
preincubated cells. These results suggest that CHK2 phosphorylation by BLM in Asc-
restored cells is dominated by the DSB-activated ATM whereas Asc-deficient cells have a
larger fraction of ATM activated by BLM via a non-DSB mechanism, likely via oxidation of
ATM. Consistent with this possibility, responses of the redox-sensitive probes DHR and
DHE showed substantially lower levels of diffusible oxidants produced by BLM in DHA-
preincubated cells (Fig. 6E). DHE is a relatively specific probe for detection of superoxide,
which points to the diminished production of this oxidant by BLM in Asc-restored cells.
This possibility is supported by a known ability of Asc to act as a very effective scavenger of
superoxide [16,48]. Using paraquat to generate cellular superoxide [49,50], we found that
Asc delivery via DHA preincubation completely abolished CHK2 phosphorylation by
superoxide (Fig. 6F). Paraquat treatments did not induce KAP1 phosphorylation, which is
consistent with a relatively weak reactivity of superoxide with DNA and its inability to
produce DSBs in cells [51,52]. Addition of chemical (p-benzoquinone) or biological (cell-
permeable SOD) scavengers of superoxide to cells prior to BLM treatments showed that
CHK?2 phosphorylation was diminished in Asc-deficient but not in Asc-restored (DHA-
preincubated) cells (Fig. 6G). Overall, these results indicate that cellular Asc makes BLM a
more specific activator of ATM via the DSB-dependent mechanism.

A higher formation of DSBs together with a suppression of a general oxidative stress in Asc-
restored cells suggest that in these conditions, cell tolerance of BLM could become more
dependent on the activity of DSB repair. ATM and DNA-PK are two DSB-responsive
kinases that are needed for the activation of the major DSB repair processes in cells [37,40].
These kinases can also be targeted with highly selective inhibitors, which offers a possibility
for exploration of potential synergistic drug interactions with BLM. First, we tested whether
Asc enhances activation of these kinases by BLM in a DSB-related manner. For ATM, we
looked at the levels of chromatin-bound autophosphorylated ATM and found them much
more strongly elevated in DHA/BLM-treated cells relative to mock/BLM counterparts (Fig.
7A). The amounts of soluble phospho-ATM, which includes both DSB-activated ATM that
dissociated from chromatin and direct oxidation-activated ATM, were not very different
between mock- and DHA-preincubated groups of BLM-treated cells. For DNA-PK, we
measured its autophosphorylation at Ser2056, which is specifically induced in response to
the presence of DSBs. We found that Asc delivery into cells clearly increased DNA-PK
autophosphorylation by BLM (Fig. 7B). Thus, for both ATM and DNA-PK kinases,
biochemical readouts of their activation due to DSB formation was elevated by DHA
preincubation. To test more directly the importance of both kinases in BLM tolerance by
cells, we examined clonogenic survival of BLM-treated cells in the presence of ATM and
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DNA-PK inhibitors. We found that DHA preincubation of cells made them much more
sensitive to killing by a combination of BLM and ATM or DNA-PK inhibitor (Fig. 7C).
Thus, these results demonstrate a higher sensitivity of Asc-preloaded cells to a
pharmacological inhibition of DSB repair-related kinases in combination with BLM.

Discussion

Our studies here found that restoration of physiological levels of vitamin C in human cells
increased the production of toxic DSBs and altered DNA damage-related signaling in
response to the redox-active drug BLM. Importantly, the elevated formation of DSBs by
BLM in vitamin C-replete cells was established by direct physical measurements of these
lesions. DSB formation triggers a rapid DNA damage response that involves activation of
two apical kinases ATM and DNA-PK [37,38,40]. DNA-PK is a critical regulator of
nonhomologous end-joining, a dominant DSB repair pathway in human cells, with a limited
number of substrates outside this process. Activation of ATM triggers phosphorylation of
numerous proteins that are involved in DSB repair, chromatin remodeling, cell cycle
checkpoints, and cell death. Consistent with the measurements of DSBs, vitamin C-restored
cells showed elevated levels of the DSB-activated forms of ATM and DNA-PK kinases in
response to BLM treatments. The presence of vitamin C in cells also made them more
sensitive to killing by BLM via inhibition of ATM and DNA-PK kinases. In agreement with
the results in cells, /n vitro DNA cleavage reactions found a much stronger ability of Asc to
promote the BLM/Fe-mediated formation of DSBs in comparison to other cellular reducers
of Fe(l1), such as Cys, glutathione or NADH. Measurements of Fe(lll)-reducing activity by
the same electron donors showed that Asc was a much faster reducer of Fe(lll) in
comparison to glutathione or NADH. However, the rate of Fe(ll1) reduction alone could not
explain the differences in the DSB production among biological reducers. At concentrations
that produced approximate the same rates of Fe(l11) reduction, Asc was still a much more
potent promoter of DSBs by BLM-Fe(l11) in comparison to thiols. Thus, Asc was the fastest
electron donor in the last step of the BLM activation, which is a conversion of BLMFe(ll1)
peroxide into BLM-Fe(l11) hydroperoxide (Fig. 8) [1,12,13]. In the absence of DNA, a fully
activated BLM is known to undergo self-inactivation [39], which is what we found after
short incubations in reactions with Asc but not in those with other bioreducers. Asc is known
as a very rapid scavenger of superoxide [16,46]. High reactivity of Asc with O,*~ could be
therefore responsible for its rapid one-electron transfer to BLM-Fe(111)-O,"~ generating the
fully activated, DSB-inducing form of BLM (Fig. 8).

The ability of high concentrations of thiols to reduce Fe(lll) to Fe(ll) but not being effective
in the production of the fully activated BLM form is expected to result in a decay of the
BLM-Fe(111)-O,"" intermediate, releasing free superoxide and BLM-Fe(l1l) (Fig. 8).
Superoxide is not very reactive with DNA and is unable to produce DSBs in cells [51,52] or
in vitro, as evidenced from our plasmid cleavage experiments with Fe(lll) in the absence of
BLM. However, O,"" is toxic to cells due to its direct protein damage and the formation of
secondary oxidants [16,52]. Elevated release of superoxide in the reactions of BLM-Fe(lll)
with non-Asc electron donors can explain the observed differences between Asc-restored
and Asc-deficient cells in the BLM-induced phosphorylation of ATM targets. Oxidants can
activate ATM via its direct damage [43-45] and as a result of the formation of DSBs [41,42].
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A spectrum of phosphorylation targets for the DSB-activated ATM is broader and includes
both DNA repair/chromatin and checkpoint targets whereas directly activated ATM
phosphorylates only checkpoint-related proteins. A suppression of the superoxide
production by BLM in Asc-restored cells and the resulting loss of the direct activation of
ATM helps explain our observations on the diminished levels of phosphorylation of its
checkpoint mediator CHK2 kinase and a greater dependence of CHK2 phosphorylation on
the DSB-sensing mechanisms. Another important checkpoint and apoptosis-promoting
target of ATM is the transcription factor p53, which can be phosphorylated in response to
both the DSB-dependent and direct oxidation-induced ATM activation [40,43]. We found
that the overall activation of the p53-mediated gene expression and cell death was not
significantly altered by Asc restoration prior to BLM treatments. Thus, it appears that a
higher stress signaling originating from elevated DSBs was largely balanced by a diminished
signaling from direct ATM oxidation (less superoxide), resulting in the overall comparable
activation of p53 by BLM in the presence and absence of Asc.

Administration of pharmacological (supraphysiological) doses of Asc both /n vivoand in
cell culture showed evidence of a selective killing of cancer cells in different biological
models [30-33]. This hypersensitivity to Asc has been linked to a heightened uptake of
DHA by cancer cells due to their frequent overexpression of the DHA-transporting GLUT1,
which is linked to specific oncogenic changes and the general increased dependency of
transformed cells on aerobic glycolysis. Asc overloading and the resulting metabolic stress
can also sensitize cancer cells to killing by some chemotherapeutic agents [17,34,53]. Our
studies also found a stronger cytotoxicity of BLM in cells that were preincubated with DHA,
however, this effect was unlikely linked to Asc overloading and the resulting metabolic/
energy stress. In our experiments, DHA preincubations did not induce any significant
changes in cellular ATP or activation of the metabolic stress-sensitive kinase AMPK, which
are two biochemical indicators that are responsive to Asc overloading conditions [31,33,34].
Furthermore, our DHA preincubations delivered physiological levels of cellular vitamin C
and did not change cytotoxicity of two other DNA-damaging drugs. It is possible that the
use of pharmacological doses of DHA/Asc could further sensitize human cancer cells to
killing by BLM.

Tumors frequently have low levels of Asc [54,55] and cancer patients are frequently vitamin
C-deficient [56-58]. Thus, coadministration with Asc can enhance cancer cell killing
activity of BLM and make it more dependent on the formation of DSBs. The latter is
important for a preferential toxicity of BLM in transformed cells, which often contain
mutations in DNA repair proteins resulting in their diminished tolerance of DNA damage.
Inactivation of specific genome maintenance processes also renders cancer cells more
dependent for viability on the activity of the remaining DNA repair mechanism. We found
that a higher DSB production by BLM in Asc-restored cells made them more sensitive to
inhibition of the DNA repair-activating kinases ATM and DNA-PK. ATM is mutated in a
significant percentage of human cancers [59], which should make them more sensitive to
killing with BLM/Asc, especially in combination with DNA-PK inhibitors. The heightened
dependency of BLM activity in Asc-rich cells on the production of DSBs can also
potentially help diminish the occurrence or severity of lung pneumonitis, which is the most
dangerous side effect of BLM therapy [1,6,7]. Toxic effects of BLM in the lung were
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recently linked to its oxidative stress in the cytoplasm [60], which we found to be suppressed
by cellular Asc. It is possible that the standard regimen of BLM is also overdosing many
cancer patients since a lower-uptake derivative deglyco-BLM [61] was as effective as the
standard BLM in three animal models of human cancer without a concomitant lung toxicity
[60].

Conclusions.

Our findings demonstrate that cellular vitamin C increases the ability of bleomycin to
produce DSBs, which makes cancer cells more dependent on functional DNA repair for
survival. Ascorbate was faster than other small molecule antioxidants/Fe(l11) reducers in two
electron transfer reactions that are necessary for the full activation of iron-bleomycin
complex.
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Highlights
. Vitamin C enhances DNA double-strand breakage by bleomycin in cells and
in vitro
. Ascorbate is superior to other reducers in production of fully activated
bleomycin
. Vitamin C suppresses DNA breaks-independent activation of ATM by
bleomycin
. Increased role of DNA repair in bleomycin tolerance by vitamin C-restored
cells
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Figure 1. Sensitization of Asc-restored human cancer cells to killing by BLM.
Data are means £SD, n=3. Statistics: ** - p<0.01, *** - p<0.001, # - p<0.0001 relative to the

no-DHA controls. All BLM treatments were for 3 h. (A) Asc levels in A549 and H460 cells
immediately after incubation with DHA and following 3 h recovery. (B) Colony formation
after BLM treatments of control and 0.5 mM DHA-preincubated cells. (C) Caspase 3/7
activity in control and 0.5 mM DHA-preincubated H460 cells at 24 h after BLM treatments.
(D) Colony formation by BLM (3 pg/mL)-treated H460 cells preincubated with 0, 0.5 or 2
mM DHA. (E) 3D spheroid growth of H460 cells treated four times with BLM without or
with 0.5 mM DHA preloading. Arrowheads indicate timing of BLM/DHA treatments.
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Figure 2. Lack of metabolic stress and sensitization to other DNA-damaging drugs after Asc

loading.

Treatments with drugs were for 3 h in panels A, D, E and for 1 h in panels B and C. Data are
means £SD, n=3. (A) Normal levels of ATP in DHA-preincubated H460 and A549 cells. (B)
AMPK phosphorylation in control and DHA-preincubated cells treated with high or (C) low
doses of BLM. (D) Colony formation by H460 and A549 cells treated with doxorubicin or

(E) mitomycin C without or with 0.5 mM DHA preincubation.
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Figure 3. BLM-activated responses in the p53 pathway.
Cells were treated with BLM for 1 h in panels A, B, C, E and for 3 h in panels D, F. Data are

means +SD, n=3. (A) Westerns for p53 protein and its Serl15 phosphorylation at Ser15 in
control and DHA-preincubated H460 and A549 cells. (B) Ser15-p53 phosphorylation and
protein levels of p21 (CDKN1A) and p53 at 6 h after BLM treatments. (C) mRNA levels of
p53-regulated genes in control and 0.5 mM DHA-preloaded H460 cells at 6 h recovery after
BLM treatments (10 pg/mL, 1 h). (D) Effect of DHA preincubation (0.5 mM) on BLM-
induced clonogenic toxicity in H460 cells expressing scrambled (shSCR) or p53-targeting
SshRNA (shp53). (E) Loss of Ser15-p53 phosphorylation in BLM-treated H460 cells in the
presence of the ATM kinase inhibitor KU60019 (ATM-i, 2 uM). (F) Impact of DNA-PK
inhibitors on Ser15-p53 phosphorylation by BLM in H460 cells (DNAPK-i #1: 1 uyM
NU7441, DNA-PK-i #2: 30 uM NU7026).
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Figure 4. Elevated production of DSBs by BLM in Asc-supplemented cells.
(A) PFGE of DNA from cells treated with BLM without or with 0.5 mM DHA

preincubation. (B) DSBs in H460 cells treated with BLM in the presence of ATM (2 uM
KU60019) and DNA-PK (10 uM NU7441) inhibitors. Both inhibitors were also present
during 90 min incubations with DHA. (C) Vitamin C levels in IMR90 primary human cells
immediately or 3 h later after incubation with DHA (means+SD, n=3). (D) PFGE analysis of
DNA from IMR90 treated with BLM with and without 0.5 mM DHA preincubation.
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Figure 5. Plasmid DNA breakage by BLM in the presence of diffe

rent reducers.

Reactions were performed at 37°C and contained 25 mM HEPES, pH 7.4, 0.5 pg ¢X174
plasmid DNA, 0.1 uM BLM and 0.1 uM Fe(l1l) citrate. (A) Plasmid DNA breakage by
BLM-iron(l11) in the presence of different reducers. (B) DNA breakage by Fe(lll) citrate in
the absence of BLM. (C) DNA breakage by BLM-Fe(l11) in the mixtures of Asc with other
reducers. (D) Fe(ll) formation measured by the o-phenanthroline (0-PT) assay in the
reaction of Fe(lll) citrate with cellular reducers (37°C reactions in 25 mM HEPES, pH 7.4).
Shown are means of triplicate measurements. (E) Ferrozine assay for Fe(Il) formation in the

reaction of Fe(lll) citrate with cellular reducers. Shown are me
measurements. (F) Self-inactivation of BLM in the absence of

ans of triplicate
DNA. BLM-Fe(l1l) was

preincubated with the indicated reducers for 5 min at 37°C prior to the addition of plasmid
DNA and 0.5 mM Asc. The final mixtures were incubated for 10 min at 37°C.
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Figure 6. Impact of cellular Asc on ATM-dependent signaling in response to BLM.
(A) ATM-mediated protein phosphorylation in H460 and A549 cells treated for 1 h with

BLM with and without DHA preincubation. (B) Normal CHK2 phosphorylation in DHA-
preincubated cells in response to camptothecin (CPT, 1 h) and (C) formaldehyde (FA, 2h).
(D) Sensitivity of CHK2 and KAP1 phosphorylation to inhibition of c-ABL kinase (1 uM
imatinib, added for 3 h before BLM). H460 cells were treated with BLM for 1 h. (E)
Production of diffusible oxidants in Asc-restored cells. Mock- and 0.5 mM DHA-
preincubated H460 cells were loaded with the redox-sensitive dyes DHR and DHE for 30
min and then treated with 10 pg/mL BLM for 1 h. Data are means+SD, n=4-6, ** - p<0.01,
*** . p<0.001. (F) CHK2 and KAP1 phosphorylation in A549 cells treated with paraquat for
3 h. (G) Effects of superoxide scavengers on CHK2 phosphorylation in H460 cells treated
with 10 pg/mL BLM for 1 h. PEG-SOD1 (85 units/mL) and p-benzoquinone (p-BQ, 10 pM)
were added during mock/0.5 mM DHA preincubations and were present during treatments
with BLM (10 pg/mL, 1 h).
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Figure 7. ATM and DNA-PK in cellular resistance to BLM.
(A) Soluble and chromatin-bound fractions of autophosphorylated ATM in H460 cells (1 h

BLM treatments). (B) Activating DNA-PK autophosphorylation in control and DHA-
preincubated H460 and A549 cells treated with BLM for 1 h. (C) Clonogenic survival of
Ab49 cells treated with BLM in the presence of inhibitors of ATM (1 uM KU60019) and
DNA-PK (3 uM NU7441). Inhibitors were present during BLM treatments and for the next
three days of growth. Means+SD, n=3, *- p<0.05, **-p<0.01, ***-p<0.001.
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Figure 8. Summary of Asc effects on BLM activation and ATM-dependent signaling.
Asc accelerates the formation of DSBs by BLM via high rates of Fe(l11) reduction and the

formation of the DNA-breaking hydroperoxide from the intermediate peroxide form. The
speed of the latter reaction is important to minimize the release of free superoxide that can
activate ATM via a DSB-independent mechanism. Asc further decreases the levels of O~
through its direct scavenging. Inhibition of O,"~ production in Asc-restored cells makes
activation of ATM by BLM more completely dependent on the presence of DSBs.
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